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Hypergravity can be realized by creating a field imposed by centripetal acceleration in a centrifuge apparatus. Such an
apparatus is often used to test soil response in geotechnical engineering problems. Here we present the potential usage of a
centrifuge apparatus to study various topics in hydrodynamics. The scaling law associated with hydrodynamics is first
reviewed, and the advantage of controlling the body force is described. One of the perceived disadvantages in such experi-
ments is the unwanted presence of the Coriolis effect in the centrifuge. However, we propose exploiting this effect to our
advantage to study geophysical fluid-dynamic problems that occur particularly in the equatorial region.
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1. Introduction

The term hypergravity is used to describe the condition
when the body force exceeds that by gravity. Controlling the
body force can be achieved by use of a centrifuge apparatus.
In the area of geotechnical engineering, the field-scale
conditions are often simulated in the small-scale physical
model in the centrifuge for a variety of geotechnical pro-
blems, such as slope stability, consolidation, liquefaction,
and soil-structure interaction. This is because hypergravity
created by the centrifuge can scale up soil stresses in a small
model to mimic the field condition. To produce the same
soil stresses in the small-scale model, the weight of the
model specimen must be increased by the same ratio in the
length scale of the field condition. Creating the identical
soil-stress condition in the model is crucial for geotechnical
testing because a soil’s constitutive relation (relation be-
tween stresses and strains) is neither linear nor isotropic,
hence without imposing hypergravity, it is difficult to in-
terpret the results from the model for the corresponding soil
response in the field.

Figure 1 exhibits a typical centrifuge facility, which was
specifically designed and constructed for geotechnical en-
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gineering testing. This is a large apparatus of its kind,
having an arm length of 9.1 m, and through the action of
spinning, is capable of creating a body force up to 75 times
that of gravity (75g) with a payload capacity of 4500 kg.
The apparatus can accommodate a model container of 2.1 m
long, 1.0 m wide and 0.75 m high in the bucket (see Fig. 1
(b)). Suppose we use a soil specimen that is 1.8 m long,
0.7 m wide, and 0.6 m deep placed in the container, then this
model would represent the 135 m long, 52 m wide, and
45 m deep soil in the field under the centripetal acceleration
of 75g. Evidently, the use of a centrifuge gives us an ad-
vantage by creating realistic soil stresses in the small model.
On the other hand, the small-size model together with the
enhanced time-lapse rate by hypergravity causes difficulties
in instrumentation; sensor probes must be very small in size
and must be capable of acquiring the data at a very high
sampling rate with high resolution. In fact, the recent ad-
vances in instrumentation technologies have made cen-
trifuge use practical.

Previously, there have been several centrifuge studies that
involve fluid flows. Sassa and Sekiguchi [1] examined soil
response under water-wave actions. Exton et al. [2-4]
modeled tsunami-like runup and drawdown flow processes
over sandy sediments. Harry et al. [5] explored the boulder
pick-up mechanism under the surging flow motion. Several
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engineering works are also reported as demonstrations of
coastal structure performance [6-8]. All of those are, how-
ever, related to geotechnical problems.

Here we explore the use of the centrifuge to investigate a
variety of problems in hydrodynamics. As stated, hyper-
gravity experiments performed in a centrifuge can provide
the same body-force field in the model as the corresponding
large-scale field condition. This is an advantage over model
studies which do not control the body force. It is noted that
the model must be small in size because of the space
available in the centrifuge bucket (see Fig. 1). Therefore,
instruments implemented in the model must be small and
durable under the large body force. One of the side effects is
caused by the fact that the model specimen is in rotational
motion with the finite arm length. This causes the Coriolis
effects. This is an unwanted side effect for the centrifuge
experiments. Here, we instead explore the hypergravity
experiments to utilize this induced Coriolis effect: in parti-
cular, to study problems in geophysical fluid dynamics in
which the Coriolis effect is important. This is the primary
theme of this paper.

In the following sections, the scaling law for hypergravity
experiments for fluid flows in general is systematically in-
troduced. This is accomplished by non-dimensionalizing the
governing equations and boundary conditions. Performing a
simple experiment of the surge flow from the sluice gate, the
effects of hypergravity are demonstrated. We point out that
hypergravity experiments can be advantageous for studying
bubble (and also droplet) dynamics and density currents.
Utilization of the unavoidable Coriolis effect in the cen-
trifuge experiments is discussed, and we propose hyper-
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Figure 1 (a) A photo of the 9.1-m radius geotechnical centrifuge appa-
ratus at the University of California, Davis; (b) a schematic drawing. When
the beam rotates, the bucket swings up on its hinge so that the pseudo-force
from the centripetal acceleration becomes normal to the model.
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gravity experiments in geophysical fluid dynamics,
especially for phenomena in the equatorial region.

For convenience, from hereinafter, we use the term “pro-
totype” to present actual physical field conditions, while the
term “model” is the scaled-down representation of the cor-
responding prototype. Flow problems considered here are
limited to those with the assumption of incompressible fluids.

2.  Scaling law for hypergravity models

The scaling law for geotechnical hypergravity models is
aimed at realizing identical fluid pressures and vertical soil
stresses present in the prototype. This can be achieved by
applying the body force increased by the geometric ratio of
the prototype to the model: in other words, scaling the body
force by g, = 1/L,, where the subscript r represents the scale
factor (viz. & = &u/g, and L, = L,,/L,,: the subscripts m and
p denote, respectively, the quantities of model and prototype).
This is the basis of geotechnical hypergravity experiments.

It is however important to recognize that the scaling
g,=1/L, is not a requirement for the model in hydro-
dynamics. In fact, for usual laboratory studies in fluid dy-
namics, the body force cannot be controlled; hence g, = 1.
Unlike the soil media, the continuum hypothesis is accepted
for fluids unless the molecular-level motions are considered
(e.g., rarefied gas flows). Thus, the mechanics of fluids are
based on the well-established constitutive relation based on
the Newtonian hypothesis.

The governing equation for fluid motions is the Navier-
Stokes equation that represents the conservation of linear
momentum, and can be written in the following form for
incompressible fluids in the rotating reference frame:

p(OWot+u-Vu+2Qxu)=-Vp+V-(uVu)+pG, (1)
where u is the fluid velocity, Q is the constant angular ve-
locity of the rotating frame and =12, G =g +Q°%r is the

body force per unit mass—combination of gravitational and
centrifugal forces imposed in the hypergravity experiments,
r is the radial vector from the axis of the rotating reference
frame, p is the fluid density, p is the pressure, and # is the
viscosity. Nondimensionalizing Eq. (1) yields

S,ou/ot,+u,-Vu +R,'Q xu,
=-E,N.p, +R,'V?u +F,°G,, )

[T3%2]

expressing the normalized variables with the subscript “+”.
The non-dimensional numbers appeared in Eq. (2) are

Strouhal number: S, = Ly/ut,,
Rossby number: R, = u,/2QL,,

Euler number: E, = p,/pug,
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Reynolds number: R, = puyLy/u,
Froude number: F; = uy/./GL,,

in which G = |g+ 92r0| denotes the magnitude of the body
force at the fixed position ¥y. Note that, when the distance
from the axis of the rotating reference frame is much greater

than the length scale of the flow, L, < |r0 , the magnitude of

the normalized body force |G*| is constant and unity. By

choosing proper characteristic scales for (L, ¢, 1y, py ) in the
operation of nondimensionalization of Eq. (1), the order of
magnitude of each term expressed with the subscript “+” in
Eq. (2) can be made to have a magnitude on the order of
unity. Consequently, the relative magnitudes of the forces
involved in Eq. (1) are represented by the values of non-
dimensional parameters (S,,R,, E,, R, F;) in Eq. (2), and
those parameters are independent. In other words, the
magnitudes of the parameters represent which forces are
dominant for a given situation and/or for a focus of the
problem. This in turn yields a justification of the model by
properly simplifying the problem by neglecting unimportant
term(s).

To complete the formulation, we must consider the
boundary conditions. On a stationary solid boundary in the
reference frame, the no-slip condition is imposed, viz.
u, = 0. At the fluid-fluid interface, the dynamic condition
must be satisfied. In the nondimensionalized form:
[{Eun.tyer (T (S} n
=W, 'y, + K, ) M, 3)
where J;; is the Kronecker delta, the superscript 7' denotes
transpose, n is the unit vector normal to the interface, and
[ -1 represents the jump condition of the stress vector across
the boundary, for example see Ref. [9]. The right-hand-side
of Eq. (3) represents the surface tension effect, k¥, and x,,
are the principal curvatures of the interface. The non-di-
mensional parameter that emerges in the dynamic boundary
condition at the fluid-fluid interface is
Weber number: W, = p,ugLo/y,
where 7 is the surface tension.

When all of the nondimensional parameters
(S, Ry E,R,,F;, W) of the prototype match those of the
model, then, the mathematical representation for the proto-
type and the corresponding model is identical. Conse-
quently, the model and the prototype are dynamically
equivalent, hence achieving the dynamic similitude.

All of the nondimensional parameters (S,, R, E,, R ., F;, W},)
are, however, difficult to match simultaneously, because the

fluid properties (e.g., p>4,7) and the body force G are dif-
ficult to control. As a result, the model needs to be com-
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promised, and the deviation from the perfect similitudes is
called the “scale effect”, which induces uncertainty in a
small-scale-model study to predict the corresponding large-
scale prototype. Controlling the body force G by hyper-
gravity provides us with a means to reduce the scale effect
for the gravity-controlled flow problems in which Froude

number matching is important: therefore u, = ./g,L, is re-

quired, which is called the Froude law.

3. Froude-number matching

The models for gravity-driven flows, such as open-channel
flows, water waves, and density currents, should satisfy the
Froude law: namely, the Froude number of the prototype
matches with that of the model. For the model under Earth’s
gravitational field (g, = 1), it is unavoidable that the Rey-
nolds number of the prototype mismatches that of the
model, because it is impractical to use a fluid other than
water in the model: the fluid density p and viscosity 4 are
difficult to control for the desirable values. To satisfy the
Froude-number matching with the length-scale ratio L,, the

velocity scale must be u, = ./L, under the gravitational

field. This condition results in a Reynolds-number value that
is smaller than that of the prototype: that mismatches by
Lf 2. After accepting this mismatch in the Reynolds num-
ber, a common tactic to minimize the scale effects is to use a
large-scale model to achieve a large Reynolds number. As
inferred from Eq. (2), the viscous effect becomes unim-
portant when the Reynolds number is “sufficiently” large.
When the prototype flows are turbulent and the model flow
is also completely turbulent, then, the scale effect by mis-
matching the Reynolds number is expected to be insignif-
icant. Unfortunately, this requires a large-scale model, and it
is unknown how large of a model is sufficient and what the
resulting errors would be quantitative.

Under the hypergravity environment, the body force in the
model can be enhanced to a desired value, say g,, = Ng (or
g, = N) where g is the magnitude of Earth’s gravitational
acceleration. If we use the geometric similitude with L,
then to maintain the Froude law, the velocity scale in the
model should be ,/NL ., and the time scale would be +/L,/N.
Using the same fluid in the model as the prototype still leads
to a discrepancy in the Reynolds number, but the ratio of
Reynolds number of the model to that of the prototype
would be N 1/2Lr3/2. Clearly, the mismatch can be mitigated

by the factor N'!/? in the hypergravity experiments. In other
words, the Reynolds number of the model can be enhanced
by the order of magnitude when we impose N = 100, i.e.,
g, = 100g, for example. This is significant in scale-effect



H. Yeh, Acta Mech. Sin., Vol. 40, 723296 (2024)

reduction, because this enhancement could be sufficient to
make the model flow to be completely turbulent. Although
formidable, further improvement could be achieved by using
a less viscous liquid in the model. In fact, at least theoreti-
cally, both the Froude number and Reynolds number would
match if we use a fluid with smaller viscosity: i.e., the ki-

-1
nematic viscosity u/p of the model should be (N 2y ,3 /2)

that of the prototype.

Using the centrifuge shown in Fig. 1, the effect of hy-
pergravity was demonstrated by Exton et al. [3]. They
conducted a pair of experiments with a L, =1/40 scaled-
down model: one under Earth’s gravity (G = g) and the other
under hypergravity on the centrifuge (G = 40g or N = 40).
Water colored with blue dye is released from the reservoir
on the surface of quiescent clear water in the tank by sud-
denly lifting the vertical sluice gate. The results are shown
in Fig. 2. The flow depth of the leading flow is approxi-
mately 0.045 m in the 1-g model and 0.030 m in the 40-g
model: the slight difference in flow depth is due to the
boundary layer: note that the boundary-layer thickness is
inversely proportional to the square root of flow speed. The
speed of the leading tongue of the flow is 1.75 m/s for the 1-
g model and 10.5 m/s for the 40-g model; hence, the flow
speed in the 40-g centrifuge case is very close to the pre-
dicted value (= 1.75x40"2 = 11.1 m/s). The resulting Rey-
nolds number R, for the 1-g model is 8.2x10* and 3.2x10°
for the 40-g model. The Froude number for the 1-g model is
2.6, which approximately matches that of the 40-g model
(F.=3.1).

In Fig. 2, it is evident that the appearance of the flow is
affected by hypergravity: the flow is very energetic, ex-
hibiting break-up bubbles for the 40-g case. On the other
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hand, smooth and large irregular features of the water sur-
face are present for the 1-g case. Note that the dyed water
can be clearly seen in the surging flow for the 1-g case,
while that is not obvious for the 40-g case because of the
presence of numerous bubbles formed in the high Reynolds-
number flow. The region ahead of the surge front represents
the still clear water. For the 40-g case, the transparent water
shows the tank bed. On the other hand, for the 1-g case, we
detect several ripple ring formations, in spite of the fact that
the surge front has not reached that portion. The examina-
tion of the video footage reveals that those ripples are
caused by water drops landing on the water surface: the
water drops are generated by a splashed-up effect during the
opening motion of the sluice gate. Such drops are not pre-
sent for the 40-g case, because the enhanced body force
reduces the maximum elevation attained by the droplets.
The difference in appearance of bubbles and droplets
shown in Fig. 2 must be due to the mismatch in the Weber
number (i.e., surface tension effect). Under the Froude law,

the mismatch in the Weber number is L,* for the 1-g model,

whereas the mismatch is Ner for the N-g model (or L, if

N = 1/L,); hence the surface tension effect is much stronger
in the 1-g model than that in the 40-g model. It is com-
mented that the hypergravity environment is potentially
beneficial to investigate bubble (and/or droplet) dynamics.
For example, a relevant parameter to study bubble rise in a
liquid is the Bond number: B, = ApGLOZ/y, in which Ap is
the difference in density of the two fluid phases. Under the
hypergravity field, the Bond number can be matched by
setting NV = Lr_z. For example, bubbles at a water depth of
4m can be simulated in a water depth of 0.5 m in the
centrifuge model by imposing G = 64g (N = 64).

Figure 2 Top-down views of the surge front generated in the centrifuge apparatus: (a) under 1-g condition, and (b) under 40-g condition. Flow with dye is
released on the clear still water from the sluice gate (from the bottom of the photos). The view shown is approximately 23 cm wide and 39 cm long.
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Another potential benefit of the hypergravity experiments
may be for the study of density currents and/or internal
bores. For example, the density currents generated in a na-
vigation lock are investigated by Lingel [10]. Conducting
the field measurements at the Hiram M. Chittenden Locks in
Seattle, Washington, the field data are compared with the
scaled-down laboratory experiments. The mixing processes
between the intruding brackish-water current and the am-
bient fresh water are quantified using two techniques: (1) the
Thorpe scale Ay that gives a length scale for an overturning
motion at the interface [11], and (2) the available potential
energy of the fluctuation (APEF) that estimates the amount
of potential energy in an overturn available for kinetic en-
ergy [12,13]. While the Thorpe scales measured in the field
are consistent with those measured in the laboratory, the
APEF values in the laboratory were found to be significantly
larger than the values in the field. Lingel [10] conjectured
that this is because the density fluctuations are greater in the
laboratory than in the field. The gradient Richardson number
of the mixed layer is typically lower in the laboratory than in
the field either due to the fact that there was background
turbulence with smaller energetic eddies in the field and/or
that the mixing transition was not reached in the laboratory
[14]. Hypergravity experiments may resolve such dis-
crepancies between the field data and the laboratory ex-
periments.

4. Geophysical fluid dynamics

When the centrifuge is used for hypergravity experiments,
the third term on the left-hand side of Eq. (1) is present. This
is the Coriolis effect, which is an important factor in geo-
physical fluid dynamics under the influence of Earth’s ro-
tation Q: see Fig. 3(a). For the Reynolds number being large

@ (b)
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(hence, negligible viscous effect), Eq. (1) can be written as

% —fv+2Qwcosp = — Lop

pox’
Dy, . 1dp
R )
Dw _ __lop_
Dr 2Qucosp = 0oz &

Here the velocity vector is presented by u = (u, v, w) and
X = (x,5,z) = (east, north, up), f=20sing is the Coriolis
parameter, ¢ is the latitude, and D/D¢ denotes the material
derivative. A majority of the problems in geophysical fluid
dynamics are analyzed under the “traditional approxima-
tion”, which neglects the horizontal component of Earth’s
rotation. The justification is that the depth of oceans is thin
compared to the radius of the Earth and the large-scale
motions are nearly horizontal. Eliminating the horizontal
component of rotation, 22cosg, and further approximating
the Coriolis effect by the Taylor series expansion, i.e., the f-
plane approximation, the form of the “traditional approx-
imation” of Eq. (4) can be written as

D . 10
ﬁL; ~(fo+py)v= *ﬁé,

Dv _ _lop

Or T Vo +hv)u = Doy &)
Dw_ 10p

Dt p oz &

where f; is the Coriolis parameter at the fixed latitude @,.
Under the traditional approximation, it is common to per-
form the laboratory experiments with the use of a rotating
table as illustrated in Fig. 3(b). It is noted that the condition
created in the rotating table represents the polar region.
The foregoing condition of the “traditional approxima-
tion” cannot be realized in the centrifuge apparatus. Instead,
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Figure 3 (a) Sketch of the Earth; ¢ is the latitude, © = 1 revolution/day, r is the radial distance from the rotation axis. (b) Rotating table apparatus typically
used in the laboratory experiments for geophysical fluid dynamics. (c) Plan view of centrifuge apparatus for the hypergravity experiments: the model bucket
rotates about o and x points in the azimuthal direction and z points in the radial direction; the Coriolis effect induces a circulation pattern in the x-z plane as

shown.
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the centrifuge at a high rotation rate (i.e., G = Q r) leads to
the following simplifications: f— 0 and cosp — 1 as
shown in Fig. 3(c). Consequently, the linear momentum
equations Eq. (4) can be expressed by

Du __10p

D T2ow= pox’

Dv_ 13p

D~ pay (6)
Dw _10p,

D_t 20u = Ea_Z+QZ.

Note that the r-direction aligns with the z-direction in the
reference frame of the rotating bucket. Evidently, this ap-
proximation is applied to the phenomena where the vertical
motion w is important, and the Coriolis effect represents the
state in the equatorial region, instead of the polar region.
It is remarked here that, to my knowledge, only a few
centrifuge studies for geophysical hydrodynamics were
found in the literature. Sheremet [15] studied the effects of
both vertical and horizontal components of Earth’s rotation
on deep-water thermal convection plumes, using a cen-
trifuge to swing a bucket by 30° at a very slow rotation rate.
On the other hand, using a fast-rotating cylindrical annulus
apparatus, Jiang et al. [16] reported a study on turbulent
thermal convection in the high Rayleigh number regime.

Centrifuge experiments for equatorial currents

The equatorial region in the Pacific Ocean plays an im-
portant role in the global climate, which is affected by the El
Nifio-Southern Oscillation. While its dynamics in the at-
mosphere and ocean are closely interrelated, one factor of
the mechanism is the Ekman transport of the ocean-surface
layer driven by the stresses of easterly trade winds [17-20].
The resulting divergence of the surface layer toward north
and south from the equatorial region induces upwelling
along the equator as illustrated in Fig. 4: this phenomenon is

Ekman transport .

4J’I‘rade winds I

Figure 4 Sea surface temperature anomaly during the 2020 La Nifa
(based on Climate.gov/NNVL). The easterly trade-wind stress induces the
Ekman transports toward north and south from the equatorial region, re-
sulting in upwelling along the equator.
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called the Ekman suction. This upwelling raises the cold-
water mass to the surface. This is a common explanation for
La Nifia. This mechanism is usually explained based on the
“traditional approximation”, ignoring the horizontal com-
ponent of Earth’s rotation, in spite of the fact that the hor-
izontal component of Earth’s rotation dominates in the
equatorial region and the vertical component vanishes at the
equator: i.e., f— 0 and cosp — 1.

Studying the geophysical fluid dynamics where the Cor-
iolis effect is important, we must attempt to match the
Rossby number for the model and prototype:
R, =uy/(2QL,): see Eq. (2). Consider a scaled-down ex-

periment in the centrifuge with L, =L,/L,, and the cen-
trifuge rotation Q,=2,/2,. Then, to satisfy the Rossby
number, the velocity scale must be #, = u,,/u, =, L, and
the time scale 7, = ¢,,/t, = 1/Q,. With Earth’s rotation £, =
7.292x107° rad/s (1 revolution per day), the upper ocean of
our interest is, say, L, ~ 100 m, and the upwelling velocity
u, ~ 3 m/day (3.5x107 m/s) (see Ref. [21]), the Rossby
number is approximately R, ~ 0(1073). Considering the
existing centrifuge facility at the University of California,
Davis, a realistic scale of the model installed in the cen-
trifuge is L,, = 0.5 m and the rotation rate of the centrifuge is
set at Q, = 4.4 rad/s (= 20g). The resulting scaling factors
for this model would be L, = 1/200, 2, = 60000, u, = 300,
and ¢, = 1/60000. With this model scale, a fortnightly phe-
nomenon in the ocean can be realized in approximately 20 s
in the centrifuge model. Incidentally, matching the Rossby
number, the Reynolds number mismatches slightly: in this

case, QL rz = 1.5 (the model Reynolds number is 1.5 times

that of the prototype).

It is anticipated that the Coriolis effect would tend to veer
the upwelling flow caused by Ekman suction and would
result in the formation of the clockwise circulation in the
tank as illustrated in Fig. 3(c); I anticipate that the multiple
circulation cells would be formed if the model were suffi-
ciently long. This potential mechanism of Coriolis-induced
circulation cells could play an important role in the upper-
ocean mixing in the equatorial region during El Nifia. This is
a conjecture.

Other possibilities for the use of centrifuge would be the
studies on internal waves in the equatorial currents and
deep-water mixing on the sloping boundary. Similar studies
can be considered for the topics of astrophysical fluid dy-
namics. For example, Fig. 5 shows an image of Jupiter,
where the Coriolis effect must affect the flow pattern. The
centrifuge can be used to explore such fluid dynamics, in
particular for the region along the equator. It is emphasized
that a centrifuge is the only apparatus capable of mimicking
the Coriolis effect in the equatorial region where the hor-
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(b)

Figure S (a) A photo of Jupiter (radius ~ 70000 km and rotation rate Q = 1,75 x 10 */s (1 day ~ 10 h)) and (b) a sketch of the convection pattern given by

Busse [22].

izontal component of Earth’s rotation effect dominates over
the vertical component.

5.  Summary

In this brief exposition, we first present the scaling law for
fluid dynamics that is applied to a scaled-down model to
achieve the dynamic similitudes. Because the continuum
hypothesis is valid in fluid dynamics, the constitutive rela-
tion is well accepted. Consequently, the scaling law can be
derived systematically by nondimensionalizing the govern-
ing equations and boundary conditions. The resulting scal-
ing law is, however, theoretical. Under a normal
circumstance, it is formidable to completely satisfy the
scaling law because fluid properties (such as the fluid den-
sity, viscosity, and surface tension) and the body force
(gravity) cannot be controlled in practice. However, pro-
ducing a hypergravity field by centrifuge is a means to
control the body force in the model, which can substantially
reduce the scale effect.

Advantages of the hypergravity experiments:

(1) A larger Reynolds number in the small-scale model:
once the Reynolds number is large enough, then the viscous
effect becomes unimportant and precise matching in Rey-
nolds number may not affect the flow characteristics and
behaviors in the model.

(2) Because the model size is limited due to the space
available in the bucket of the centrifuge, it is possible to use
a fluid other than water to reduce the scale effect. For ex-
ample, Exton [23] used a viscous fluid (a mixture of hy-
droxypropyl methylcellulose and water) to saturate the
model sediments in the model. On the contrary, for experi-
ments in hydrodynamics, we need to use a less viscous fluid
for increasing the value of the Reynolds number in the
model to mimic the prototype condition.

Disadvantages of the hypergravity experiments:

(1) The model must be designed and constructed to
withstand the forces under the substantially enhanced body
force.

(2) Because the model size must be small and the model
time scale is fast, instruments used in the model must be
sufficiently small, durable under the high stresses, and
capable of capturing data at a high sampling rate with a high
resolution.

(3) Because the centrifuge arm length is finite, fluid mo-
tions in the radial and azimuthal directions in the model be
affected by the Coriolis effect.

While the Coriolis effect is undesirable in most centrifuge
experiments, we, instead, utilize this effect for geophysical
fluid dynamic simulations. The rotating table (Fig. 3(b)) is
often used to investigate geophysical fluid dynamics under
the traditional approximation (neglecting the horizontal
component of rotation). On the other hand, the centrifuge
creates the condition such that the horizontal component of
the rotation is dominant and the vertical component is
practically nil under the high-speed rotation. Consequently,
the centrifuge is capable of mimicking the Coriolis effect in
the equatorial region. Because the hypergravity field can
reduce the scale effect by the enhancement of the Reynolds
number as well as the Weber number and Bond number, we
propose other potential usages of geotechnical centrifuge
apparatuses to study a variety of hydrodynamics problems
(e.g., bubble/droplet dynamics, density currents).

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Acknowledgements The work was supported by the US National Science
Foundation (Grant No. CMMI-1538211). Rick Fragaszy and Bruce Kutter
initiated the discussions for seeking potential usages of geophysical
centrifuge apparatuses.

Open Access This article is licensed under a Creative Commons



H. Yeh, Acta Mech. Sin., Vol. 40, 723296 (2024)

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution, and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the articles Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

1 S. Sassa, and H. Sekiguchi, Analysis of wave-induced liquefaction of
sand beds, Géotechnique 51, 115 (2001).

2 M. Exton, S. Harry, H. B. Mason, H. Yeh, and B. Kutter, in Novel
experimental devise to simulate tsunami loading in a geotechnical
centrifuge: Proceedings of 9th International Conference Physical
Modelling in Geotechnics 2018, London, 2018.

3 M. Exton, S. Harry, B. Kutter, H. B. Mason, and H. Yeh, Simulating
tsunami inundation and soil response in a large centrifuge, Sci. Rep. 9,
1 (2019).

4 M. Exton, and H. Yeh, Effects of an impermeable layer on pore
pressure response to tsunami-like inundation, Proc. R. Soc. A 478,
20210605 (2022).

5 S. Harry, M. Exton, and H. Yeh, Boulder pickup by tsunami surge, J.
Earthquake Tsunami 13, 1941006 (2019).

6 H. Takahashi, S. Sassa, Y. Morikawa, D. Takano, and K. Maruyama,
Stability of caisson-type breakwater foundation under tsunami-
induced seepage, Soils Found. 54, 789 (2014).

7 S. Sassa, H. Takahashi, Y. Morikawa, and D. Takano, Effect of
overflow and seepage coupling on tsunami-induced instability of
caisson breakwaters, Coast. Eng. 117, 157 (2016).

8 K. Ueda, S.Iai, and T. Tobita, Centrifuge model tests and large
deformation analyses of a breakwater subject to combined effects of
tsunami, Soil Dyn. Earthquake Eng. 91, 294 (2016).

9 H. Yeh, Free-surface dynamics, in: Advances in Coastal and Ocean
Engineering, edited by P. L.-F. Liu (World Scientific Publishing Co.,

17
18

20

22

23

723296-8

Singapore, 1994), pp. 1-75.

S. L. Lingel, Scaling Effects on the Mixing Processes of Lock-
Exchange Gravity Currents, Dissertation for Doctoral Degree (Uni-
versity of Washington, Seattle, 1997).

S. A. Thorpe, Turbulence and mixing in a Scottish Loch, Phil. Trans.
Royal Soc. London A286, 125 (1977).

T. M. Dillon, The energetics of overturning structures: Implications
for the theory of fossil turbulence, J. Phys. Oceanogr. 14, 541 (1984).
P. S. Galbraith, and D. E. Kelley, Identifying overturns in CTD
profiles, J. Atmos. Ocean. Technol. 13, 688 (1996).

P. E. Dimotakis, The mixing transition in turbulent flows, J. Fluid
Mech. 409, 69 (2000).

V. A. Sheremet, Laboratory experiments with tilted convective plumes
on a centrifuge: a finite angle between the buoyancy force and the axis
of rotation, J. Fluid Mech. 506, 217 (2004).

H. Jiang, X. Zhu, D. Wang, S. G. Huisman, and C. Sun, Super-
gravitational turbulent thermal convection, Sci. Adv. 6, eabb8676
(2020).

A. E. Gill, Atmosphere—Ocean Dynamics (Elsevier, 2016).

E. B. Kraus, and S. Levitus, Annual heat flux variations across the
tropic circles, J. Phys. Oceanogr. 16, 1479 (1986).

M. A. Alexander, and J. D. Scott, The role of ekman ocean heat
transport in the northern hemisphere response to ENSO, J. Clim. 21,
5688 (2008).

R. H. Weisberg, and L. Qiao, Equatorial upwelling in the central
pacific estimated from moored velocity profilers, J. Phys. Oceanogr.
30, 105 (2000).

M. E. Carr, Simulation of carbon pathways in the planktonic
ecosystem off Peru during the 1997-1998 El Nifo and La Niia, J.
Geophys. Res. 108, 3380 (2003).

F. H. Busse, Convection driven zonal flows and vortices in the major
planets, Chaos-An Interdisciplinary J. Nonlinear Sci. 4, 123 (1994).
Exton, Centrifuge Modeling of Soil Response to Tsunami-like Rapid
Flooding and the Subsequent Drawdown, Dissertation for Doctoral
Degree (Oregon State University, Cornwallis, 2019).

R E N 3 BRI 3 O &

Harry Yeh

FEE T LB R 7E B0 L2 B e R R o 3 AN ) SR S . TSR )2 O P U TR e g - e . A
AT BN BAEWE IO AR 02 v A IR R . ASCE SR 1 SR SRR R B R, FRRRIR TR AR A
B AR SR, e — AN R AT AR B B L 7L FURE R BRI RORE. SRT, FRATIHE 0 IR OB A B FE7E 7 T X

RE I R PR B BRI A ) 7 2 R, TR L A BRAT T 34


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1680/geot.2001.51.2.115
https://doi.org/10.1038/s41598-019-47512-x
https://doi.org/10.1098/rspa.2021.0605
https://doi.org/10.1142/S1793431119410069
https://doi.org/10.1142/S1793431119410069
https://doi.org/10.1016/j.sandf.2014.07.002
https://doi.org/10.1016/j.coastaleng.2016.08.004
https://doi.org/10.1016/j.soildyn.2016.09.009
https://doi.org/10.1175/1520-0485(1984)014%3c0541:TEOOSI%3e2.0.CO;2
https://doi.org/10.1175/1520-0426(1996)013%3c0688:IOICP%3e2.0.CO;2
https://doi.org/10.1017/S0022112099007946
https://doi.org/10.1017/S0022112099007946
https://doi.org/10.1017/S0022112004008572
https://doi.org/10.1126/sciadv.abb8676
https://doi.org/10.1175/1520-0485(1986)016%3c1479:AHFVAT%3e2.0.CO;2
https://doi.org/10.1175/2008JCLI2382.1
https://doi.org/10.1175/1520-0485(2000)030%3c0105:EUITCP%3e2.0.CO;2
https://doi.org/10.1029/1999JC000064
https://doi.org/10.1029/1999JC000064
https://doi.org/10.1063/1.165999

	Geophysical fluid dynamics in the hypergravity field
	1. Introduction
	2. Scaling law for hypergravity models
	3. Froude-number matching
	4. Geophysical fluid dynamics
	Centrifuge experiments for equatorial currents

	5. Summary

	超重力场中的地球流体动力学

